By means of numerical simulation and experimental verification, this article investigates the hydraulic performance and pressure fluctuation of a tank-style axial-flow pump device. With orthogonal test, 16 schemes are designed concerning the different flow conditions of the inlet and outlet passages, and simulated calculations are done; then the non-steady numerical simulation of pressure fluctuation is carried out for the optimized pump device; a model test finally verifies the reliability of the simulated numerical values of the optimized scheme. The results show that using the orthogonal test, an optimized scheme of the inlet and outlet passages can be obtained; compared with the initial scheme, the optimized one reduces the hydraulic loss by 1.3 cm in the inlet passage and 7.96 cm in the outlet passage; numerical simulation witnesses the highest pump operating efficiency of 70.04%, efficiency of 66.82% with the design head of 1.36 m, and the corresponding flow of 34.31 m 3 /s; the model test verifies all the simulated values of the optimized scheme with the highest pump operating efficiency reaching 71.5% and the test efficiency arriving at about 64% when the design head is 1.36 m. Meanwhile, the highest pressure fluctuation appears at the entrance of the impeller; the main frequency of the impeller and guide vane pressure fluctuation is 5 Hz depending on the frequency of the blade. This study offers reference for similar pump station project.
Introduction
Bidirectional flow pump device, that is, tank-style pump device, can effectively achieve the purpose of irrigation and drainage. Currently, it has been widely used because it makes the pumping station engineering go with less investment, simpler structure, more convenient installation and maintenance, and more stable operation.
With more application of the device in the pumping station, 1,2 research on it also becomes more diversified. [3] [4] [5] [6] [7] Huang et al. 8 analyzed the effect of open height of the inlet flare tube and roof height of outlet flare tube on hydraulic loss of the passage. Chen et al. 9 studied linear design for bidirectional flow passage and proposed a new type of bidirectional flow passage, that is, a flat volute-shaped one; the results show that the passage profile is smooth and the device is running stable and highly efficient. Yang et al. 10 have done an analysis of the hydraulic dynamic characteristics of the inlet passage of vertical tank-style pump device, discussed in-depth mechanism of inlet passage vortex with numerical simulation, and come up with ways to avoid the generation of inlet passage vortex in practical engineering. Tan and colleagues [11] [12] [13] studied the numerical simulation of unsteady flow in a centrifugal pump and summarized some significant findings.
At present, there are few reports about the optimization design of the inlet and outlet passages and analysis of the pressure fluctuation of tank-style pump device. The existing research on the tank-style pump device was only about the comparison and selection of several parameters of a single component. This article, taking Jiepai Pumping Station as an example, adopts the design of experiments (DOE) orthogonal test to optimize the design of the inlet and outlet passages and expects to get the most effective design for them and pressure fluctuation rule of tank-style axial-flow pump device.
General situation of pumping station
Jiepai Pumping Station is a bidirectional pumping station for diversion and drainage. The net head range of diversion is 0-3.47 m; the design net head is 1.16 m and the design flow is 300 m Table 1 .
Jiepai Pumping Station is mainly for diversion, occasionally for drainage. The impeller diameter of each pump is 3.45 m and the rotating speed is 100 r/min. With the hydraulic loss of 0.2 m at gate slots and trash rack, the design head of diversion is 1.36 m and the highest head is 3.67 m, while the design head of drainage is 2.95 m and the highest head is 3.53 m.
Numerical simulation of pump device

Calculation model
A tank-style axial-flow pump device includes the following parts: inlet passage, impeller, guide vane, and outlet passage. The axial-flow pump used in this article is the GL-2008-03 hydraulic model developed independently by our project team. The design flow of this model pump Q = 320 L/s; the design head H = 2.5 m; the number of impeller blades is three. Diffusion guide vane is adopted in Jiepai Pumping Station, which matches the design flow of the axial-flow pump and its number is five. The diffusion angles of the guide vane hub and rim are both 12°. The blade angle for the computational configuration is 23°.
The numerical simulation is based on the prototype pump device: 14, 15 the width of the inlet and outlet passages of the prototype pump device is B = 9.5 m (2.753D), height H = 4.4 m (1.275D), and length L = 37.5 m (10.87D). The inlet and outlet passages are modeled by UG, and the impeller and guide vanes are modeled by TurboGrid. Three-dimensional calculation model of axial-flow pump is shown in Figure 1 .
Grid division
ICEM is adopted to do the grid division of the inlet and outlet passages, and the quality of the grid is above 0.3, meeting the requirements of calculation. The impeller and diffuser vanes are divided into structural grids directly in TurboGrid, and the quality is good, meeting orthogonal requirements. The grids of the impeller and diffuser vanes are shown in Figure 2 . Figure 3 shows the results of mesh independence examination for the axial-flow pump device. Six sets of computational mesh with mesh elements ranging from 1.0 3 10 6 to 3.6 3 10 6 are taken to test the mesh independence. The calculation results of pump head and efficiency demonstrate small difference when the mesh elements exceed 2.35 3 10 6 (see Figure 3) . To balance the computational accuracy and computational load, the set of computational mesh with 2,355,827 elements is chosen in the following calculations.
Boundary conditions
Three-dimensional unsteady Reynolds-averaged Navier-Stokes equations are applied to solve the turbulent flow in axial-flow pump device using a commercial software CFX. The renormalization group (RNG) k-e model which is widely used in rotating fluid machinery is adopted in the numerical simulation. The flow inside the Jiepai pump device has a high strain rate and a large bending flow line. In such fluid machinery, RNG k-e model has better analytical capabilities than other turbulence model. This model uses a statistical technique known as renormalization grouping, which corrects the turbulent viscosity by taking into account the rotation and swirl conditions, and adds to the e equation an equation that reflects the time strain rate. [16] [17] [18] [19] The scalable wall function is applied to calculate the turbulent flow near the solid walls. No-slip boundary conditions are imposed at the solid walls, such as the inlet and outlet passage walls, the blade pressure and suction surfaces, the hub and shroud, and the guide vane blade walls. The pressure at pump inlet and the mass flow at pump outlet are specified corresponding to the experimental measurement. The interfaces between the stable domain and rotational domain are set using the stage and the transient rotor-stator methods for steady and unsteady calculations, respectively. The relative position between the stable inlet passage and guide vane and the rotational impeller remain the same in the stage method, while it changes according to the angular velocity of the impeller in the transient rotor-stator method. The results of the steady calculation are taken as the initial flow field in the unsteady flow calculation.
For a tank-style pump device, the entrance of computational domain is the entrance of the inlet passage; the entrance boundary condition is set as the total pressure condition, that is, 1 standard atmospheric pressure. The exit of computational domain is the exit of the outlet passage; the exit boundary condition is set as mass flow. According to the literature, 20 the effects of time step on the unsteady simulation are minimal differences. Therefore, by considering the balance between the spectrum accuracy and the computation cost, we denote the final time step as 0.01 s.
Calculation formula
Hydraulic loss. The concept of hydraulic loss Dh is introduced according to the Bernoulli energy equation. The flow velocity field and the pressure field calculated by the computational fluid dynamics (CFD) numerical calculation are used to predict the hydraulic loss of the flow components, and the formula is as follows
where E 1 is the total energy at the entrance of the passage and E 2 is the total energy at the exit; P 1 is the static pressure at the entrance of the passage and P 2 is the static pressure at the exit; Z 1 is the height of the entrance of the passage and Z 2 is the height of the exit; u 1 is the flow velocity at the entrance of the passage and u 2 is the flow velocity at the exit; r is the water density; and g is the gravitational acceleration (m/s 2 ).
Uniformity of axial velocity distribution at outlet section. The inlet passage should be designed to provide a uniform flow distribution and pressure distribution for the impeller. The uniformity (V u ) of the axial velocity distribution at the entrance reflects the design quality of the inlet passage. The closer the V u is to 100%, the more uniform the axial-flow velocity distribution at the exit of the inlet passage. The calculation formula is as follows
where V u is the uniformity of axial-flow velocity distribution at the exit section of the inlet passage (%), v a is the arithmetic mean value of the axial-flow velocity at the exit section of the inlet passage, v ai is the axial velocity of each calculating unit of the exit section of the inlet passage (m/s), and n is the number of units on the exit section.
Performance prediction of pump. The head of pump device is calculated by Bernoulli energy equation. And the hydraulic performance of the pump device is predicted from the calculated velocity and pressure fields and the torque acting on the impeller. The pump head is expressed as follows
where H 1 is the head of the inlet section and H 2 is the head of the outlet section (m); s 1 is the area of the inlet section and s 2 is the area of the outlet section (m 2 ); u 1 is the flow velocity at each point on the section of the inlet passage and u 2 is the flow velocity at each point on the section of the outlet passage (m/s); u t1 is the normal component of velocity at each point on the section of the inlet passage and u t2 is the normal component of velocity at each point on the section of the outlet passage (m/s); P 1 is the static pressure at each point on the section of the inlet passage and P 2 is the static pressure at each point on the section of the outlet passage (Pa).
The efficiency of the pump device is as follows
where T p is the torque (N m) and v is the angular velocity of the impeller (rad/s).
Optimization of inlet and outlet passages
Orthogonal table
Orthogonal method is an important branch of statistics and widely used in industrial production and experiment. The most important step of the orthogonal method is to design the orthogonal The test individuals in the orthogonal table are symmetrically and uniformly distributed to make sure the results can represent all the factor combinations. By referring the original inlet and outlet passages, the factor levels are determined as shown in Tables 2 and 4 .
Optimization of inlet passage
The optimization of the inlet passage is based on the design conditions of forward diversion. Optimization design of local dimension mainly aims at the inlet flare tube and water guide cone. With parametric modeling, it is easy to implement model changes by modifying only a few parameters. The numerical simulation of the impeller and guide vane is done along with that of the inlet passage to ensure the reliability of the calculation results. DOE orthogonal experimental design is adopted to optimize the local dimension of the inlet passage. The control size is shown in Figure 4 .
The five major dimensions in Figure 4 are used as design variables for DOE orthogonal test. These five design variables control the shape of the inlet flare tube and water guide cone of the inlet passage. Therefore, the parametric modeling is based on modifying the values of the five variables. The DOE analysis is aimed at the hydraulic loss (h) and the uniformity (V u ) of the axial velocity distribution of the inlet passage. The wall of the inlet passage is set as a rough wall, and the roughness is set to 2.5 mm. The factor levels are shown in Table 2 . According to the above table, the orthogonal test is designed, and the calculation results are shown in Table 3 . According to the orthogonal design table above, the maximum hydraulic loss is 8.56 cm, while the minimum hydraulic loss is 3.91 cm, which is obviously a result of optimization. A 77 has the greatest impact on hydraulic loss, and L 36 has the least impact. The uniformity of velocity distribution upon the outlet section of the inlet passage is basically consistent with the trend of hydraulic loss. The maximum velocity distribution is 94%. According to the orthogonal design, the optimal combination should be 1.1, 0.3, 105°, 1, and 1.2 m. The initial scheme is no. 13, in which the hydraulic loss is 4.96 cm, and the outlet velocity uniformity is 91.9%. While in the optimal combination, the hydraulic loss is 3.65 cm and the outlet velocity uniformity is 93.0734%. Compared with the initial scheme, the optimal one reduces the hydraulic loss by 1.3 cm and improves the outlet velocity uniformity by 1.1%. The image extractions of exit section velocity of schemes 1, 5, and 13 and the optimal scheme are compared, as shown in Figure 5 .
Seen from the axial velocity contours in Figure 5 , the boundary velocities of all the four schemes are small due to the influence of the boundary layer of the wall of water guide cone and flare tube. Axial velocity has different distributions due to the influence of the structure of water guide cone and flare tube. No. 1 has a larger asymmetry in its axial velocity distribution and slightly more hydraulic loss than others. No. 5 has a larger low-velocity region of outlet flow, unreasonable speed distribution, and only 84.7% of the velocity uniformity; as a result, its hydraulic loss is much more than others. No. 13 has two low-speed regions, unsatisfactory design of the inlet flare tube, and water guide cone. Compared with them, the optimal scheme has more ideal velocity uniformity and velocity gradient, and its hydraulic loss is least.
Optimization of outlet passage
The outlet passage is parametrically modeled by UG, and just like inlet passage, the numerical simulation of outlet passage is also carried out with that of pump. In the process of optimization of the outlet passage, five factors were selected to design the orthogonal experiment. The parameterized model is shown in Figure 6 . These five design parameters control the water guide cone and outlet flare tube of the outlet passage. Therefore, the parametric modeling is based on modifying the values of the five variables. The orthogonal design of these five factors is shown in Table 4 .
The analysis of DOE orthogonal design aims at the hydraulic loss of the outlet passage. The wall of the outlet passage is set as rough wall, and the roughness is set to 2.5 mm. The orthogonal test analysis and the calculation results are shown in Table 5 , based on the factor levels in Table 4 .
P 46 has the greatest influence on the calculation results, and P 53 has the least influence. The hydraulic loss of the outlet passage calculated from the optimal level combination is 32.53 cm, while the maximum hydraulic loss is 46.07 cm; therefore, the hydraulic loss was reduced by 13.5 cm. The hydraulic loss of the initial outlet passage is 40.49 cm. Compared with the initial scheme, the optimized one reduces the hydraulic loss by 7.96 cm.
As noted in Figure 7 , the static pressure value of the optimization scheme is larger than the others. It reveals the following facts: the dynamic pressure value in the outlet passage of the optimization scheme is smaller; the velocity is also smaller; optimized water guide cone and outlet flare tube are better able to recover outlet circulation of guide vane and more efficiently convert the kinetic energy into pressure energy; all the above leads to less hydraulic loss in the optimization scheme. The static pressure test no. 14 is smallest, indicating that it has the greatest hydraulic loss. Other findings are as follows: in each scheme, the pressure on the left wall along the direction of water flow is greater than that along the right wall, because water flow at the outlet of the flare tube, affected by the rotation of the impeller, will produce a drift, but the shock loss will be smaller with smaller velocity; five blades of the guide vane will result in five pressure concentration areas on the outlet flare tube and two pressure concentration areas on the right wall of the outlet passage along the flow direction; in test no. 1 and test no. 9, the two pressure concentration areas are very close to each other, and even overlapping, which will inevitably lead to the deterioration of the outflow condition of the corresponding region; in the optimized scheme, the two pressure concentration areas are far apart, which is one of the reasons for the less hydraulic loss. The pressure gradient of the optimized scheme is minimized, and the exit section of the outlet passage can obtain a higher pressure value by recovering velocity circulation, which are the reasons for the less hydraulic loss of the optimized scheme.
Analysis of calculation results of pump
The results of the DOE optimization were used to calculate the inlet and outlet passages of the tank-style pump device. Impeller diameter D is 3.45 m. The width of the inlet and outlet passages is 9. Figure 8 , and the results are summarized in Figures 9-11 . According to the pump performance curve, under the condition of diversion, the pump is running in the high-efficiency area, with the highest operating efficiency reaching 70.04%. Herein, the head is 1.736 m, and the maximum operating head is 4.0 m, which can meet the requirement of the maximum operating head of Jiepai Station, 3.67 m. When the running head is 1.36 m, the flow rate of the pump station is 
m 3
/s and the efficiency is 66.82%. According to the hydraulic loss curve of the inlet and outlet passages, the hydraulic loss of the inlet passage increases with the increase in flow rate; the hydraulic loss of the outlet passage decreases first and then increases due to the existence of optimal circulation, wherein the hydraulic loss of the outlet passage is the least in the design condition. The axial force distribution curve is shown in Figure 11 , wherein the axial thrust curve of the impeller is consistent with the trend of the head curve, and axial water thrust acting on the impeller is vertically down, and therefore, lift phenomenon will not occur when the pump operates normally.
Numerical calculation of pressure fluctuation
The relative movement between the rotating blade and the stationary blade, circular motion of the design conditions, cavitation, secondary flow, and other factors inside the axial-flow pump are all likely to produce pressure pulsation, which may intensify the structural vibration of the axial-flow pump device, lead to unstable operation of pump station. Therefore, it is necessary to find out the regularity of the water pressure pulsation of the bidirectional vertical pump device, so as to facilitate the safe and stable operation of the pump station.
When it comes to the unsteady calculation of the bidirectional vertical pump, the calculation is done on eight periods, and the results of the last five cycles are used to analyze pressure pulsation values. The pressure detection points are arranged at the key parts of the pump, including the water guide cone, the entrance of the impeller, the position between the impeller and the guide vane, and the exit of the guide vane. Four pressure pulsation detection points are arranged on each plane from the hub to the rim. By CFD, the pressure fluctuation time domain map and the frequency domain map at each pressure detection position are obtained, and thus, the water pressure pulsation characteristics of the key point are transparent. The arrangement of detection points is shown in Figure 12 .
Three flow conditions Q = 0.6Q 0 , Q = Q 0 , and Q = 1.15Q 0 are taken to analyze the pressure pulsation characteristics (Figures 13-15) .
The pressure fluctuation curves of the detection points at the inlet flare tube and the entrance of impeller are regular and smooth. The pressure pulsation curve of the four inspection points between the impeller and guide vane is slightly disordered due to the static and dynamic interference between the impeller and the guide vane. The pressure pulsation curve of the eight inspection points at the exit of guide vane is not smooth, and a large amplitude of the low-frequency pressure pulsation occurs, which indicates that there exists de-flow at these detection points. Meanwhile, the four detection points along the circumference have quite different pressure fluctuation and amplitude, which may be caused by the remaining velocity circulation of the guide vanes.
The main frequency of the three monitoring surfaces between the inlet flare tube, impeller inlet, and impeller guide vane is three times the impeller rotational frequency, which indicates that the pressure fluctuation of the flow in the axial-flow pump is determined by the frequency of the blade. The flow frequency of guide vane outlet, outlet flare tube, and outlet passage is 5 Hz with low-frequency pulsation, which is caused by flow separation.
Different monitoring points have different pressure fluctuation amplitude. The one at the impeller inlet is the largest, which is caused by a larger pressure difference between the front and rear sides of the blade. The amplitude of pressure fluctuation at other locations is smaller. Therefore, in the future hydraulic design process, great importance should be attached to inlet pressure pulsation of axial-flow pump.
The pressure pulsation amplitude of the inlet flare tube decreases with the increase in flow rate. The pressure pulsation amplitude of different flow conditions is smaller. The pressure pulsation amplitude of the impeller inlet is the largest that decreases with the increase in flow rate. The pressure pulsation amplitude under the small flow condition is about 1.8 times higher than that under the design flow condition and 2.1 times higher than that under the large flow conditions. That illustrates the pressure pulsation of the impeller inlet is larger due to its import pressure difference. The pressure pulsation amplitude between the impeller and the guide vane is smaller than that of the impeller inlet. With the increase in flow rate, the pressure fluctuation amplitude between the impeller and the guide vane decreases first and then increases. There is no obvious regularity between the pressure fluctuation amplitude and the flow rate of guide vane outlet. According to the frequency spectrum, it can be seen that the pressure pulsation at the inlet flare tube, impeller inlet, and between the impeller and the guide vane is mainly affected by the blade rotation. The water flow is stable and periodic in these areas. Therefore, the main frequency of the pressure pulsation depends on the blade frequency. The similarity of the pressure fluctuation at the guide vane outlet is bad, because lowfrequency pulsation will be produced in addition to the impact of blade frequency, which is due to the regional water flow instability.
Experimental verification
According to the final optimization scheme obtained by the numerical simulation of tank-style pump device, the flow passage, impeller, and guide vane are machined, and model test study is carried out on the highprecision vertical closed cycle hydraulic mechanical test bench in Yangzhou University. Model pump nominal impeller diameter D is 300 mm, the actual impeller diameter D is 299.7 mm, and blade number of guide vane is 5, which is welded with steel material. To facilitate observation of internal water flow patterns, the observation window is opened in the impeller chamber and the passage wall. Pump segment model installation checking is as follows: the axial runout is set to 0.10 mm for the positioning surface of guide vane and impeller chamber, the radial runout is set to 0.08 mm for the outer surface of the impeller hub, and the unilateral clearance of the blade tip is controlled within 0.20 mm. The model pump speed is 1150 r/min. The test platform is shown in Figure 16 . The model pump device test is shown in Figure 17 .
The total length of the hydraulic closed circulation system is 60 m, pipe diameter is 0.5 m, and the comprehensive error of efficiency test system is about 0.39%. Referring to relevant procedures, performance test points of each blade angle are not less than 18; the required net positive suction head (NPSH) is determined by 1% reduction in efficiency.
The energy performance and cavitation performance of the six blade angle, namely, 24°, 23°, 22°, 0°, 2°, and 4°, are tested. The experimental results about the model pump device are shown in Figure 18 .
The maximum efficiency of the pump device is 71.9% while it occurs in the experiments (23°). The blade angle of the numerical model pump is also 23°, which is the design angle under the forward diversion conditions. It can meet the design requirement of the flow and head. 1: inlet water tank; 2: the pump device under test and the drive motor; 3: pressure outlet water tank; 4: bifurcated water tank; 5 and 6: flow in situ calibration device; 7: condition regulating valve; 8: regulator rectifier tube; 9: electromagnetic flowmeter; 10: forward and reverse operation control valve system; 11: auxiliary pump unit.
And the optimization design of the inflow and outflow passages is under the blade angle, so the efficiency of the pump device under the blade angle is the highest. The highest efficiency values of other blade angles are slightly lower. The necessary NPSH near the area of the design condition is relatively small, indicating that the cavitation performance is the best. The farther the necessary NPSH is away from the design condition, the worse the cavitation performance will be.
The conversion formulas of the numerical simulation results of the prototype pump and the model pump characteristics are as follows
where Q p is the prototype pump flow and Q m is the model pump flow; H p is the prototype pump head and H m is the model pump head; n p is the prototype pump speed and n m is the model pump speed; D p is the impeller diameter of prototype pump and D m is the impeller diameter of model pump.
The results of the test data with blade angle of 23°a re taken out and compared with the numerical simulation results, as shown in Figure 19 .
It can be seen from the comparison chart of test data and numerical simulation results that the two curves coincide well in the vicinity of the design point. The highest operating efficiency of the test results reaches 71.5%; the corresponding head is 2.3 m, which is a little higher than the simulated one. According to engineering experience, 5, 8 at present, the highest efficiency of the same type of pump device is about 70%, and the corresponding head is 4-5 m. After optimization, the efficiency of the test is more than 71% when the head is 2.3 m. The test operation efficiency is about 64% when the design head is 1.36 m, which is in good agreement with the numerical simulation results. The calculation result is low in small flow area and high in large flow area, but the trend of the whole performance curve is relatively good, which is able to meet the requirements of engineering application. It also shows that the orthogonal design used in this article to optimize flow channel is effective and feasible, and thus, it can provide reference for similar pump station project. 
Conclusion
The orthogonal design, based on parametric modeling and used to optimize the inlet and outlet passages of tank-style pump device, can get better optimization results and shorten the optimal design cycle. After orthogonal design optimization, the hydraulic loss of the inlet passage of the tank-style pump device is reduced by 1.3 cm, and the hydraulic loss of the outlet passage is reduced by 7.96 cm; the test operation efficiency is about 64% when the design head is 1.36 m; the highest operating efficiency of the test results reaches 71.5%. The optimization effect of the pumping station is very obvious in the ultra-low lift vertical pump device. The highest pressure fluctuation appears at the entrance of the impeller, which is caused by a larger pressure difference between the front and rear sides of the blade; the main pressure fluctuation frequency of is 5 Hz, depending on the frequency of the blade. The pressure pulsation amplitude of the inlet flare tube and the entrance of the impeller decrease with the increase in flow rate. With the increase in flow rate, the pressure fluctuation amplitude between the impeller and the guide vane decreases first and then increases. There is no obvious regularity between the pressure fluctuation amplitude and the flow rate of guide vane outlet.
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